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Abstract: Deforestation is currently among the most critical ecological issues, which need to be
addressed urgently. Hence, identification of effective environmental monitoring methods is of
top priority, especially in locations where no precise ground-based data are available. Constant
development of remote sensing technology provides an increasing number of tools needed for
that purpose, based on extraction of information about Earth’s surface. One of the most advanced
Earth Observation (EO) programs is Copernicus, established by European Space Agency (ESA).
It incorporates a constellation of Sentinel satellites continuously delivering imagery, which can serve
as input data for further environmental analyses. They can be performed in the Sentinel Application
Platform (SNAP), the software also developed by ESA. The Sentinel-2 (5-2) mission was designed
specifically for Earth’s surface observation. It acquires high-resolution data within visible and infrared
range of electromagnetic spectrum (EMS), which has found applications in forest cover monitoring.
In this paper, S-2 imagery was processed in SNAP software to determine its potential for deforestation
observation on the example of 2017 tree logging in Bialowieza Forest. For this purpose, images from
October 2016 and 2018, covering the area of interest, were downloaded from the Copernicus Open
Hub Platform. They then underwent pre-processing, involving atmospheric correction, resampling,
and subset operations. As a part of environmental analysis, a set of chosen radiometric and
biophysical indices was computed to preliminarily determine their usefulness for deforestation
mapping. Index values were extracted from tree logging areas using pinpoints and region of interest
(ROI) mask. The most effective indicators were the MERIS Terrestrial Chlorophyll Index (MTCI) and
the Brightness Index (BI). The Normalized Difference Vegetation Index (NDVI), as well as the Ratio
Vegetation Index (RVI), also displayed promising results. The results were visualized in Quantum
GIS (QGIS) software, provided by the Open Source Geospatial Foundation (OSGeo).

Keywords: remote sensing; satellite imagery processing; radiometric and biophysical indices;
Sentinel-2; forest cover; change detection; Bialowieza Forest; Sen2Cor; SNAP; QGIS

1. Introduction

Copernicus, an Earth Observation (EO) program developed by the European Space Agency (ESA),
was launched for the observation and monitoring of Earth’s ecosystems by a constellation of Sentinel
satellites. The Sentinel-2 (5-2) mission consists of two twin satellites, mainly aimed at land observation.
The Multispectral Instrument (MSI) installed onboard S-2 acquires 10-60 m spatial resolution imagery
within visible and infrared bands of the electromagnetic spectrum (EMS), with a 5 day revisit frequency
at mid-latitudes [1]. Additionally, the ESA developed the Sentinel Application Platform (SNAP),
a software specifically designed for Sentinel imagery processing [2]. The data and programs are free
and available for registered users.
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Satellite-based deforestation monitoring is often based on spectral calculations incorporating
surface reflectance registered by sensors. Change detection practices usually involve land cover
classification based on visible and infrared bands of EMS [3,4]. The Sentinel-2 mission has found
application in the monitoring of forest state and disturbances [5,6]. This is possible mainly because
of four near-infrared (NIR) bands with 20 m spatial resolution which display high sensitivity to
chlorophyll content [7]. Table 1 presents spectral bands registered by the MSI sensor.

Table 1. Sentinel-2 spectral bands registered by the Multispectral Instrument (MSI) [8].

Band Number Band Description Wavelength Range (nm) Resolution (m)
Bl Coastal aerosol 433-453 60
B2 Blue 458-523 10
B3 Green 543-578 10
B4 Red 650-680 10
B5 Red-edge 1 698-713 20
B6 Red-edge 2 733-748 20
B7 Red-edge 773-793 20
B8 Near infrared (NIR) 785-900 10
BSA Near infrared narrow (NIRn) 855-875 20
B9 Water vapour 935-955 60
B10 Shortwave infrared/Cirrus 1360-1390 60
B11 Shortwave infrared 1 (SWIR1) 1565-1655 20
B12 Shortwave infrared 2 (SWIR2) 2100-2280 20

Surface reflectance registered by S-2 satellites may serve as input for calculation of radiometric
and biophysical indices. These are highly applicable in the observation of vegetative cover due to
unique spectral response of chlorophyll. Photosynthetic pigment contained in leaves absorbs blue and
red wavelengths, while strongly reflecting green and NIR bands [9]. On the basis of that principle,
spectrally calculated radiometric and biophysical indices can illustrate the amount and density of
canopy cover over a given area.

Even though it might be difficult to accurately assess deforestation extent without ground-based
data, satellite imagery processing could highly facilitate identification of interrupted regions. Bialowieza
Forest was chosen as the area of interest, as the 2017 tree logging has become one of most controversial
environmental issues in Poland [10,11]. The felling extent at the area, estimated by Greenpeace,
was 180,000 trees [12]. For the purpose of this work, fifteen indices were computed and compared with
each other. The expected outcome was that decreased amount of forest cover would be indicated by
index computation results over the tree logging areas. Choice of particular indicators was based on
their availability in SNAP software, as well as on relevant literature.

2. Materials and Methods

During imagery processing and visualization of the results, only free and available software was
used, including the following programs:

(1) Sen2Cor 2.8,
(2) SNAP®6.0.0,
(3) QGIS 3.2.8. “Zanzibar’.

Figure 1 depicts the workflow of actions performed during Sentinel-2 imagery processing,
which was undertaken for the purpose of this study.
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Figure 1. Sentinel-2 imagery processing flowchart. S-2—Sentinel 2; SNAP—Sentinel Application
Platform; TIFF—Tagged Image File Format; QGIS—Quantum GIS.

2.1. Study Area

The study area is located on the Polish side of the Biatowieza Forest, which is one of the last and
largest remaining parts of the immense primeval forests in Europe. It straddles the border between
Poland and Belarus, covering 592 km? and 753 km? in those countries, respectively (1345 km? in
total) [13]. The Polish part of the forest is located between 23.52° and 24.35° E longitude and between
52.48° and 52.95° N latitude [14]. The climate in that region is characterized by a cool, temperate
continental climate with influence from the Atlantic [13]. For the purpose of the study, atmospheric
conditions during relevant time periods were analyzed. Average temperature was higher by 1 °C in
the vegetation period of 2016 than in 2018. At the same time, the precipitation sum was greater by 40
and 80 mm during the spring and summer of 2016, respectively. Sun exposure was longer in spring of
2016 by 220 h and in summer of 2018 by 125 h. Additionally, weather conditions in September of both
years were compared: precipitation was nearly twice higher in 2018, with comparable sun exposure
during both years [15].

The forest is considered one of the best-preserved areas in Poland and has the status of a World
Heritage Site. Tree cover in Bialowieza Forest is characterized as dense and relatively difficult to
penetrate. Hence, precise tree inventory is not easy to carry out. However, a recent study performed
as a part of LIFE + ForBioSensing PL project resulted in high accuracy (69-80%) forest classification.
It presented forest composition as consisting mainly of spruce, pine, and alder trees (comparable
amounts, ca. 20% each), with the addition of lime, hornbeam, birch, and oak trees (between 5 and
11% each), as well as other broadleaves (below 10%) [16]. The forest grows on brown (36%), podzolic
(19%), and gley-podzol (12%) soils. The rest of the terrain is covered with black earths, mud, and muck
soils [17].
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2.2. Data Download and Pre-Processing

Imagery acquired by Sentinel satellites is available for users via the Copernicus Open Access
Hub [18]. For the purpose of this work, two images covering the area of interest (Bialowieza Forest) were
downloaded. They were acquired one year before (17 October 2016) and one year after (12 October 2018)
tree logging in 2017. Minimal possible cloudiness level, as well as full tile coverage, was taken into
consideration. The following files were downloaded:

1. S2A_MSIL2A_20161017T094032_N0204_R036_T34UFD_20161017T094431.SAFE,
2. 52B_MSIL2A_20181012T094029_N0209_R036_T34UFD_20181012T145646.SAFE.

Pre-processing of the imagery involved the following steps: atmospheric correction, resampling,
and subset.

Atmospheric correction was carried out in the Sen2Core processor provided by the ESA. The process
allowed us to remove the influence of the atmosphere on data, while maintaining the original spatial
resolution, as well as order of spectral bands of the input imagery. During correction, input level-1C
(top-of-atmosphere reflectance) images were converted into level-2A (bottom-of-atmosphere reflectance)
products [19]. This way, true surface reflectance could be accessed [20].

After successful atmospheric correction in the Sen2Cor plugin, resulting 2A-level data were
imported into SNAP software for further processing. Resampling, the first necessary operation,
aimed to geometrically correct distorted pixels in the original imagery. Available resampling methods
included: the nearest neighbor, bilinear interpolation, and cubic convolution. The first option was
chosen, as it allowed us to preserve the original pixel values. The operation was performed with
respect to the B4 band (red) and corresponding 10 m spatial resolution.

Lastly, both images were subsetted to the coordinates of 53.05° N, 23.25° W, 52.30° S, 24.077° E.
Hereby, the area of interest was limited to forest boundaries for convenience of analysis.

Performance of the aforementioned procedures resulted in two atmospherically corrected,
resampled, subsetted images of 10-60 m spatial resolution (depending on the spectral band).

2.3. Environmental Analysis Tools

As the main part of environmental analysis, a set of radiometric and biophysical indices was
computed. The choice of particular indices was based on their availability in SNAP software, as well
as on their usefulness for similar studies [21]. Numerous sources describe Normalized Difference
Vegetation Index (NDVI) as the most commonly used for vegetation monitoring [22-25]. A study carried
out in the area of Bialowieza Forest showed low NDVI'’s sensitivity to varied forest composition [26].
Other indices mentioned in the literature include inter alia, the Ratio Vegetation Index (RVI) [25],
the Soil-Adjusted Vegetation Index (SAVI) [27], and the Global Environmental Monitoring Index
(GEMI) [28]. The MERIS Terrestrial Chlorophyll Index (MTCI) was also found to accurately depict
leaf chlorophyll concentration [29]. The decision to incorporate biophysical processor computations
into the study was based on their characteristics described in ESA’s “S2ToolBox Level 2 products”
manual [30]. Other indices available in SNAP software were added supplementarily.

Index values were calculated using formulas defined in SNAP, with input reflectance of at
least two spectral bands. All equations used in computations were derived from SNAP algorithm
specifications [31]. In all cases: Green—B3 band, Red—B4 band, Rededge—BS band, NIR—B8 band,
unless mentioned otherwise.

Radiometric vegetation indices:

1.  Ratio Vegetation Index (RVI)
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B — \/(Red)2 + (Green)?

1
7 (10)
10. Color Index (CI)
Red — Green
Cl= Red + Green (11)

Biophysical indices:

11. Leaf Area Index (LAI),

12.  Fraction of Absorbed Photosynthetically Active Radiation (FAPAR),
13.  Fractional Vegetation Cover (FVC or FCOVER),

14. Chlorophyll content (a + b) (Cab),

15. Canopy water content (CWC or CW).

For calculation of biophysical indices, input data include spectral information (8 bands: B3-B7,
B8a and B11-B12), as well as directional information (cosine of sun zenith angle (65), view zenith angle
(6v), and relative azimuth angle (¢)). Ranges of biophysical indices, according to ESA, are as follows:

0<LAI<8(-),

0 <FAPAR <1 (-),

0<FVC<1(,

0 < Cab < 600 (g/cm?),

0 < CWC < 0.55 (ug/cm?) [30].

The subsequent analysis step was band maths computation. The band maths tool available in
SNAP enables mathematical calculations between spectral bands of products. To facilitate visual
analysis of vegetation cover changes, the difference between 2018 and 2016 index results was computed
for each index.

Then, operations allowing for derivation of specific pixel values were carried out, including pin
placing and masking. The former enabled us to extract values obtained at single pixels, whereas the
latter focused on pixel groups, allowing us to access information regarding whole areas (including
simple statistical data). For the purpose of this project, two pins were created: one where tree felling
occurred, and one where dense forest remained uninterrupted. Region of interest (ROI) mask consisting
of over 4 million pixels were also generated, covering regions of Bialowieza Forest with the highest
recorded tree logging rate. Study locations were chosen based on the map created by Greenpeace,
the organization trying to track logging areas as precisely as possible during the studied period, also in
the field [12]. It is necessary to stress that verification of ground-based data was difficult due to the
ongoing dispute and events, resulting in poor data availability [32]. For that reason, only one felling
site was intentionally chosen for the purpose of this study, as there was full certainty regarding logging
occurrence there. Otherwise, identification of other locations could be uncertain.

Pinpoints and ROI mask (visible in Figures 2 and 3) were exported to all other products
created during computations. Statistical data regarding regions covered by mask were accessed.
These operations allowed for comparison of obtained index values, which will be discussed in detail in
the next section.
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Figure 2. Pinpoints created for October 2016 (left) and 2018 (right).

Figure 3. Region of interest (ROI) mask created over the forest area.
3. Results and Discussion

Pinpoint results enabled us to assess approximate order of magnitude of index values at felled
and uninterrupted locations. This information highly facilitated the preparation of color legends in
SNAP, necessary for visualization of index values in the form of maps, which are discussed further on
in this chapter. Pinpoint index values are presented in Table 2. Mean, median, and standard deviation
calculated for ROI mask index values are contained in Table 3.

RVI pinpoint values decreased for both dense forest (DF) and felling site (FS), showing possibly
tendentious behavior. However, the decrease at the latter pinpoint was substantially greater (by 43%)
than at the former (by 12%). The mean ROI mask value was nearly the same as the DF result in that
year, indicating dense forest cover over the whole area of interest. In 2018, the mean value decreased



Forests 2020, 11, 857 8 of 16

by almost 3 units, corresponding with pinpoint results. Hence, RVI may be displaying potential for
forest cover change detection.

DVl increased for both DF and FS. The increase at FS was significantly higher, indicating denser
canopy cover after tree felling. Such results were opposite to the expected ones and not compatible
with the tree logging map. This tendency was also present for ROl mask mean and median values.

NDVI decreased at both locations. However, the decrease at FS was significantly greater (by
34%) than at DF (by 2%), indicating canopy cover loss over the felling site. According to NDVI value
classification [33], medium density canopy cover was present at FS in 2016 and transformed into
shrub or grassland area in 2018. At the same time, value characteristics for dense canopy cover were
maintained at DF, indicating a lack of major land cover changes. In terms of ROI mask, the mean
and median both decreased, indicating a decrease in canopy cover. Hence, NDVI’s potential for
deforestation observation could be assessed as high.

PVI, SAVI, and GEMI values rose for both pinpoints, indicating denser canopy cover at FS in 2018,
contrary to the expected outcome. Moreover, ROl mask mean and median values behaved similarly to
DF pinpoint values. Hence, those indices were not considered of high potential in terms of discussed
deforestation observation.

MTCI pinpoint values increased at DF (by 5%), whereas they declined significantly at FS (by 26%).
Index behavior indicated the presence of denser forest cover at the former site, with simultaneous
canopy cover reduction at the latter. Hence, differently to most vegetation indices, MTCI’s behavior
was not tendentious, potentially showing index sensitivity to the changing state of the canopy cover.
In terms of the ROI mask mean and median, both values decreased, informing about average canopy
cover loss.

MCARI values increased for DF, whereas they remained nearly the same at FS. Hence, no changes
after tree logging could be observed. ROI mask results also increased slightly, indicating denser canopy
cover in 2016 than in 2018.

Table 2. Index values at pinpoints for years 2016 and 2018. RVI—Ratio Vegetation
Index; DVI—Difference Vegetation Index; NDVI—Normalized Difference Vegetation Index;
PVI—Perpendicular Vegetation Index; SAVI—Soil-Adjusted Vegetation Index; GEMI—Global
Environmental Monitoring Index; MTCI—MERIS Terrestrial Chlorophyll Index; MCARI—Modified
Chlorophyll Absorption Ratio Index; BI—Brightness Index; CI—Colour Index; LAI—Leaf Area Index;
FAPAR—Fraction of Absorbed Photosynthetically Active Radiation; FCOVER—Fractional Vegetation
Cover; Cab—Chlorophyll content (a + b); CW—Canopy water content.

Index Value Dense Forest Felling Site
Year 2016 2018 2016 2018
RVI 11.029 9.747 4.105 2.336
DVI 0.140 0.156 0.056 0.108

NDVI 0.834 0.814 0.608 0.400
PVI 0.099 0.110 0.040 0.077
SAVI 0.315 0.338 0.142 0.211
GEMI 0.485 0.569 0.351 0.538
MTCI 2.681 2.802 1.552 1.152
MCARI 0.061 0.072 0.028 0.029
BI 0.0173 0.0226 0.0169 0.0694

CI —-0.176 —-0.196 0.074 0.188
LAI 0.846 1.348 0.254 0.327
FAPAR 0.564 0.680 0.305 0.291
FCOVER 0.231 0.344 0.076 0.107
Cab (g/m?) 52.140 77.093 28.190 18.719

CW (g/m?) 0.020 0.032 0.0 0.010
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Table 3. Mean, median, and standard deviation of index values obtained for region of
interest (ROI) mask for years 2016 and 2018. RVI—Ratio Vegetation Index; DVI—Difference
Vegetation Index; NDVI—Normalized Difference Vegetation Index; PVI—Perpendicular Vegetation
Index; SAVI—Soil-Adjusted Vegetation Index; GEMI—GIlobal Environmental Monitoring Index;
MTCI—MERIS Terrestrial Chlorophyll Index; MCARI—Modified Chlorophyll Absorption Ratio Index;
BI—Brightness Index; CI—Colour Index; LAI—Leaf Area Index; FAPAR—Fraction of Absorbed
Photosynthetically Active Radiation; FCOVER—Fractional Vegetation Cover; Cab—Chlorophyll
content (a + b); CW—Canopy water content. Bold text distinguishes particular indices.

Mean Median Standard Deviation
RVI
2016 11.0192 9.9237 12.0959
2018 8.2473 8.1417 2.4956
Difference 2.7719 1.7138 11.8672
DVI
2016 0.1470 0.1447 0.0424
2018 0.1625 0.1600 0.0465
Difference -0.0156 -0.0137 0.0349
NDVI
2016 0.8065 0.8167 0.0723
2018 0.7661 0.7812 0.0719
Difference 0.0404 0.0338 0.0696
PVI
2016 0.1039 0.1023 0.0300
2018 0.1149 0.1131 0.0329
Difference —0.0110 —0.0097 0.0247
SAVI
2016 0.3183 0.3192 0.0700
2018 0.3374 0.3394 0.0728
Difference -0.0191 -0.0178 0.0564
GEMI
2016 0.5105 0.5092 0.0717
2018 0.5566 0.5550 0.0762
Difference —0.0462 —0.0429 0.0470
MTCI
2016 2.4564 2.3383 1.9240
2018 2.3118 2.2656 1.6531
Difference 0.1446 0.1890 2.3789
MCARI
2016 0.0859 0.0758 0.0875
2018 0.0861 0.0772 0.0426
Difference —0.0003 —-0.0016 0.0863
BI
2016 0.0211 0.0201 0.0092
2018 0.0290 0.0274 0.0100
Difference —0.0079 —0.0069 0.0080
CI
2016 —0.1568 —-0.1583 0.1156
2018 -0.1512 —0.1559 0.0854

Difference —-0.0056 -0.0021 0.1117
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Table 3. Cont.

Mean Median Standard Deviation

LAI

2016 1.0009 0.9923 0.3320

2018 1.2170 1.2378 0.3712
Difference —0.2161 -0.2274 0.2677

FAPAR

2016 0.5938 0.6030 0.5938

2018 0.6268 0.6441 0.1022
Difference —0.0330 -0.0362 0.0782
FCOVER

2016 0.2735 0.2744 0.0808

2018 0.3302 0.3334 0.0886
Difference —0.0566 —0.0554 0.0593
Cab (g/mz)

2016 56.8290 55.2143 17.0492

2018 60.0394 59.1962 60.0279
Difference -3.2104 —4.0140 15.1917
CW (g/m?)

2016 0.0279 0.0264 0.0129

2018 0.0359 0.0350 0.0144
Difference —0.0080 —0.0091 0.0107

In the case of BI, four decimal places were taken into consideration, due to the magnitude of
obtained values. Bl pinpoint results rose for both DF and FS; however, the increase was significantly
greater at the latter site (by 311%) compared to the former (by 31%). Hence, it can be concluded that
uncovered soil was detected over FS, which is in correspondence with the expected results. Mean and
median obtained for the region of interest also increased, confirming tendency observed at pinpoints.

CI pinpoint results obtained at DF were negative for both terms, depicting lack of visible uncovered
soil. At the same time, FS results increased significantly (by 154%), informing about potential bare soil
visibility. Mean and median ROI mask results also increased in 2018.

In terms of biophysical indices, the majority of results were higher in 2018 than in 2016 for
both pinpoints, with the exception of FAPAR and Cab values obtained at FS. They were higher in
the former and lower in the latter term (by 5 and 34%, respectively), displaying non-tendentious
behavior. However, due to their magnitude, only Cab’s FS results could be considered significant for
the discussed change detection purposes. In terms of ROI mask, mean and median values increased
for all biophysical indicators.

To visualize index computation results regarding the whole forest area, color maps were prepared
using SNAP and QGIS software. Legends were developed based on indices’ ranges and histograms,
as well as on pinpoint values. Moreover, each map had corresponding statistical data computed for
ROI mask. In this paper, visualization of RVI results in form of color maps, along with statistical data
and histograms computed for ROI mask, are presented in Figures 4-9. This particular index has been
chosen due to clear visibility of differences between years 2016 and 2018. Maps presenting values of all
indices were discussed in the previous paper [34]. Spatial resolution of created outputs corresponded
with the resolution of specific spectral bands used in calculations.
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Figure 4. Map presenting Ratio Vegetation Index (RVI) values obtained for October 2016.
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Figure 5. Statistical data computed for RVI values obtained for October 2016.
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RVI - October 2018
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Figure 6. Map presenting RVI values obtained for October 2018.
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Figure 7. Statistical data computed for RVI values obtained for October 2018.
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RVI - Difference
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Figure 8. Map presenting RVI difference results.
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Figure 9. Statistical data computed for RVI difference results.

13 of 16



Forests 2020, 11, 857 14 of 16

4. Conclusions

Successful processing of Sentinel-2 imagery in the Sen2Cor plugin and SNAP software, as
well as visualization of final products in the QGIS program, showed it was possible to conduct
environmental analysis with the use of only free and available software. SNAP software and the
Sen2Cor plugin, along with the Copernicus Open Access Hub database, constituted a professional tool
for environmental observation. Computation of radiometric and biophysical indices, performed as a
part of this project, allowed us to preliminarily assess the usefulness of particular spectral calculations
for deforestation observation.

The majority of vegetation indices did not display the expected behavior. Their values either
increased over the felling site (DVI, PVI, SAVI, GEMI) in the latter term, indicating denser canopy cover,
or remained similar (MCARI), showing no change. Out of eight chosen radiometric vegetation indices,
three were successful in the depiction of forest cover change: RVI, NDVI, and MTCI. They showed
significant canopy cover decrease over the felling area. Additionally, MTCI's behavior was not
tendentious, as its value increased for the dense forest pinpoint. This fact could indicate high sensitivity
to canopy cover changes and, hence, high potential for deforestation observation.

Soil indices appeared to be successful in differentiation between felled and uninterrupted forest
areas. The Brightness Index (BI) displayed the greatest difference between values obtained at the felling
site in 2016 and 2018, considering the whole set of indices. Such clear distinction between land cover
types may have resulted from the fact that soil was environmentally more stable than the vegetation,
with the latter being largely influenced by changing climate conditions.

In terms of biophysical indicators, only Chlorophyll a + b (Cab) provided results relevant for
deforestation observation. The rest of indices did not provide expected results.

Eleven out of fifteen indices indicated an increase in vegetation cover over the dense forest site.
This could have resulted from the considerably higher precipitation sum in September of 2018, the
month prior to data acquisition. This situation could have also influenced the results over the tree
felling site. However, according with the expected results, tree logging should be a precedent cause for
index behavior.

Additionally, very good agreement was found between the values of all fifteen indices determined
at the chosen pin locations and the mean values of those indices calculated from all pixels (over
4 million) on the masked area, before (2016) and after logging (2018). It was clearly visible when
comparing respective values of indices.

Advanced satellite imagery processing tools provided by the ESA enabled complex forest cover
analysis, successfully carried out and presented in this study. It is necessary to mention that the
methodology described in this work may be of use when detailed information regarding tree logging is
not available. The results of this project are promising, showing high potential for ex-situ forest cover
change observations. They can also constitute a strong base for further investigations.
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